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Abstract 
In this work, a low-power sensing device for detecting carbon monoxide at room temperature using a quasi two-dimensional 
(Q2D) ZnO thin film is presented. The ZnO layer (thickness of 50nm) used in this sensing device is realized with the atomic-
layer deposition (ALD) technique on an Al2O3/Si substrate. The operating principle of the sensor is based on measuring 
resistance change of the ZnO thin film upon exposure to CO. The ZnO-based sensor shows a large response to CO in 
concentrations ranging from 10 to 150 ppm in air with 40% relative humidity at room temperature. The sensor is also tested in air 
with varied relative humidity from 0 to 60%. Results show that the sensitivity of the sensor to CO at room temperature is reduced
with increasing the relative humidity. 
© 2009 Published by Elsevier Ltd. 
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1.  Introduction  
ZnO is one of the semiconducting oxides, which draws a lot of attention for gas sensing thanks to its wide band 
gap, high thermal and chemical stability [1]. The conductivity of ZnO can range from metallic to semiconducting 
depending on deposition techniques [2]. Most reported sensors are based on ZnO nanowires or thin films, which 
have the thickness in order of hundreds nanometers. These sensors are often tested in controlled atmosphere at 
elevated temperature typically far above 100qC [1,3].  Fan reported that ZnO nanowires with a diameter of 60 nm 
can detect O2 at room temperature [4]. By reducing the diameter of the wires, thus increasing the surface to volume 
ratio of the oxide sensing layer, the adsorbed oxygen at the oxide surface can directly modulate the charge carrier 
density of the oxide layer. This effect is similar to the field effect created by a gate voltage in field-effect transistors 
(FETs). Despite the high sensitivity and its possibility to be modulated by the back gate when the nanowire is used 
as a conducting channel in the FET, the nanowire sensors have shown several drawbacks in controllability of the 
fabrication process, for example, deposition of the nanowires on predefined area, contacting a single wire or wires, 
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stability of wires towards mechanical and electrical shocks. These drawbacks can be solved by using ultra thin films 
instead of nanowires. When the thickness of the sensing film is scaled down close to the Debye length, the 
conductivity of the film can be strongly influenced by the gas adsorption or desorption at the oxide surface. Thus, 
the films can exhibit the properties similar to the wires. The advantage of using the quasi two dimensional (Q2D) 
oxide thin film over the nanowires is that the oxide thin film can be fabricated with atomic layer deposition which 
enables to control the film thickness with a precision in the order of one nanometer. The use of the ALD technology 
may allow batch production and flexibility in further integration of the sensors on a single chip. Advantages of using 
ALD for metal oxides include relatively low deposition temperature, which allows to fabricate the sensors also on 
flexible substrates and high step coverage independent on the surface roughness of the substrate.  
In this work we investigate the sensing properties of atomic-layer deposited ZnO films for CO sensing at room 
temperature in the presence of humidity. Operating the sensor at room temperature is especially beneficial for 
wireless autonomous applications, in which the total power budget for the sensor supplied by energy harvesting 
systems is far below one milliwatt. In addition, operating the sensor at ambient temperature slows down the 
degradation of the sensing materials such as grain coalescence or grain-boundary alteration, which improves the life-
time of the sensor [1].  
2. Experimental
50 nm thick ZnO layers was realized on an Al2O3/silicon (p-type) substrate with thermal ALD using diethylzinc 
(DEZn) and water precursors at 150qC. There are common precursors reported in literature for ZnO [2]. The Al2O3
insulating layer for ZnO was fabricated using sputter-deposition of Al in oxygen environment. To measure the 
conductivity of the ZnO layer, 200 nm thick Al electrodes with a width of 500 µm were deposited on the oxide layer 
through a shadow mask.  Sensitivity of a ZnO layer to CO was tested in a gas-tight probe station, where a constant 
gas flow of 1.5 liter per minute was maintained. CO concentrations in the probe station were prepared by mixing a 
flow of 0.1% CO with a main flow of dry air. The humidity in the probe station was regulated by bubbling main air 
flow through bubblers containing distillated water. This gas mixing setup can supply CO concentrations with 
accuracy of below 1 ppm and relative humidity ranging from 0 to 100%. The CO sensitivity of the ZnO layers was 
directly tested by using probes. The resistance of the ZnO layer was calculated from the current measured at a 
constant DC voltage of 1V by using a semiconductor parameter analyzer (Agilent B1500A). All experiments were 
performed at room temperature. 
3. Results and discussions 
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    Fig. 1. XRD spectrum of a 50 nm-thick ZnO film realized using atomic layer deposition at 150qC on Al2O3/Si substrate.  
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The XRD spectrum of 50 nm-thick ALD-ZnO films presented in Fig. 1 shows that these ZnO films have a 
polycrystalline structure with four major orientations of (100), (002), (101) and (110). These peaks are separately 
located from a strong peak corresponding to Al from the substrate. Only peaks corresponding to ZnO and Al2O3 are 
seen in the spectrum, which indicates high impurity of the ZnO film.  
Before testing with CO, the conductivity of the ZnO layer was measured in dry nitrogen and synthetic air 
containing 20% O2. It has been observed that the resistance of ZnO increases in the presence of oxygen. This is 
attributed to oxygen adsorption on oxygen vacancies in the oxide while delocalizing electrons from the oxide bulk to 
the surface (as illustrated in Fig. 2a). The oxygen adsorption depletes the ZnO conducting channel, which reduces 
the charge carrier density in the oxide bulk and results in lower bulk conductivity.  
Upon exposure to CO in the presence of air, pre-adsorbed oxygen on the ZnO surface reacts with CO forming 
CO2 in which electrons are released to the oxide bulk increasing the bulk conductivity as illustrated in Fig. 2b.  
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Fig. 2. Schematic representation of reaction of oxygen ionosorption (a) and CO with ionosorbed oxygens (b). 
Figure 3a shows that the resistance of a 50 nm thick ZnO film decreases when CO (10-150 ppm) is admitted to 
the main air flow containing 40% relative humidity. When the gas flow is switched to contain only humid air (CO 
off), the resistance returns back to the initial value. It should be noted that the response time and recovery time of 
this sensor depend on the death volume of the gas chamber and the gas mixing setup.  
S = (RCO – RAir )/RAir    (1) 
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Fig. 3. (a) Change in the resistance of a 50 nm thick ZnO layer as a function of time upon exposure to CO in air with 40% relative humidity at 
room temperature. (b) Relative change in the resistance of a 50 nm thick ZnO layer measured at room temperature as a function of CO 
concentrations at different humidity conditions. 
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The relative change in the resistance of the 50 nm thick ZnO film in air with different relative humidity (20-60% 
RH) is calculated by using Eq.1 and is plotted in Fig. 3b as a function of CO concentrations. Figure 3b shows that 
the sensitivity of the sensor to CO decreases with increasing relative humidity. The sensor becomes saturated sooner 
as relative humidity increases. In humid environment, water molecules react with pre-adsorbed oxygen ions 
according to the model proposed by Sahm for SnO2 [5]. This reaction results in less pre-adsorbed oxygen ions 
available for the CO oxidation reaction. Therefore ZnO becomes less sensitive to CO in the presence of humidity. In 
addition, in the presence of high relative humidity, water condenses on the oxide surface forming an ultrathin water 
layer, which prevents the oxide surface from further contacting with the gas. The influence of the oxide thickness on 
the sensitivity to CO in ambient conditions and response time of the sensor are being investigated. 
4. Conclusions  
ZnO films realized using atomic layer deposition at 150qC have a polycrystalline structure. These films can 
effectively detect CO in the presence of humidity at room temperature. With 50 nm thick ZnO film, the sensor can 
detect CO in a concentration range from 10 to 150 ppm CO at 40% relative humidity at room temperature.  
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